The hemodynamic effects of physical training, three periods weekly for 1 to 2 months, after myocardial infarction were assessed in seven patients by cardiac catheterization at rest and during exercise. The training was followed by reduction in exercise heart rate and tension-time index as detefimined from brachial artery pressures. Stroke volume during exercise was enhanced. No significant change occurred in the heart volume. Left ventricular function was improved, and a significant increase in the rate of rise of right ventricular pressure occurred. These were interpreted as indicating myocardial hypertrophy, which probably through reduced compliance also accounted for increased ventricular filling pressures. Lactate in arterial blood was reduced during exercise without any change in the arteriovenous oxygen difference. Small and not significant changes occurred in vital capacity, forced expiratory volume, fasting blood sugar, and serum lipids.
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Concomitant with the hemodynamic changes exercise tolerance was improved. The data support the thesis that in some patients increased physical activity after myocardial infarction is followed by beneficial hemodynamic effects on the heart and possibly by increased coronary blood flow. The need for proper selection of patients and close medical supervision during training is illustrated and emphasized.
Additional Indexing Words: Cardiac output Left ventricular function

Muscular exercise Tension-time index
Blood lactate Oxygen consumption F ROM THE ERA of recommending limitations in physical activity for patients who had had myocardial infarction, the attitude has changed toward applying physical training in controlled circumstances. [1] [2] [3] [4] [5] [6] [7] [8] [9] While the possible effect of regular physical activity to prevent the development of coronary heart disease10 is largely irrelevant at the stage of manifest disease, the current active attitude is evidently motivated by the findings from animal experimentations that physical training enhances the development of collateral circulation,'1' 12 although the evidence is contradictory'3 and no data are available concerning man. The basic problems associated with training have recently been reviewed by Katz.'4 The effects of physical training have been evaluated by each patient's subjective effort tolerance, various exercise tests, exercise electrocardiograms, and consumption of nitroglycerin. Scarcely any attention has been paid to the effects of training on circulatory variables except heart rate and systemic blood pressure. Varnauskas and associates15 were the first to study the effect of training on pressure-flow relationships of patients with coronary artery disease. However, no data are available on the effect on central pressures and ventricular function.
The present study was designed to provide such information by employing cardiac catheterization before and after a period of physical training in coronary patients.
PHYSICAL TRAINING
Methods
The subjects were selected on the basis of their willingness and availability to participate in the trial. All females, all patients over 60 years of age, and patients with serious persistent rhythm disturbances or established heart failure were excluded. The seven patients studied (table 1) were in sinus rhythm and had had an unequivocal myocardial infarction from 2 to 4 months before the beginning of the training. All had been ambulatory and performed their home and outdoor activities for at least a month before the trial. Six of the patients had sedentary occupations and none had any special experience in endurance sports.
Before the infarction four patients had had exertional angina of some months' to 3 years' duration. After infarction one patient was free from angina on ordinary physical stress.
Before training was started the patients were taken to the hospital and in addition to a routine clinical examination the following tests, which were repeated after training, were carried out: fasting blood sugar, serum cholesterol and triglycerides, respiratory function, and heart volume which was measured from chest x-rays taken without ECG-timing. 16 The physical training consisted of ergometer work three times a week, usually on alternate days. The patients came to the laboratory in the morning, and after an ECG at rest while sitting on the ergometer (Elema-Schonander) the training was begun with a warm-up period of 3 to 5 minutes at a load of 150 kpm/min (kilopondmeters/min). The load was then increased to raise the heart rate over 100/min. The patients continued the training at this load for 15 minutes. Then 5 minutes of rest was allowed. The training session was finished with two increasing loads of 3 to 4 and 6 to 7 minutes' duration until chest pain or a heart rate of at least 150/min de- veloped. The pedalling was stopped prematurely only when distressing subjective symptoms occurred. When these did occur, the S-T segments were usually depressed on the continuously monitored ECG. These ECG changes without subjective symptoms or occasional ventricular ectopic beats were not considered as indications to stop the work. During the weeks of training the loads were gradually increased according to each subject's tolerance.
No change in therapy was instituted during the training period except in case 2. After 4 weeks' training, this patient had a short bout of ventricular tachycardia while exercising on the ergometer. A long-acting quinidine preparation was given and ectopic arrhythmia did not reappear during subsequent training sessions. One patient (case 6) had a low pain threshold, and the training was stopped after the first session. This patient suffered another myocardial infarction 1 month later and is only mentioned to illustrate the importance of proper selection. In the other cases the training lasted 5 to 9 weeks with a mean of 7 weeks.
Cardiac catheterization was performed before and after the training period. This was done in the morning with the patients in the fasting state and without premedication. The right heart was catheterized in the usual manner. A short polythene tube (PE-160) was inserted percutaneously into the brachial artery. The pressures were recorded with Sanborn 267 BC pressure transducers feeding relevant preamplifiers in a Sanborn 568 PolyBeam photographic recorder with a rapid developer attachment. The transducers were kept 10 cm above the level of the catheterization table and were checked against mercury manometer. The ECG was continuously monitored and recorded simultaneously with the pressures. The mean pressures were obtained by electrical integration. Expired air was collected through low resistance valves into Douglas bags. The colection was made during the 5 minutes at rest and during the last 2 minutes of the 6-minute exercise periods. The resting measurements were made with the patients' feet attached to the ergometer pedals to avoid base-line shift.'7 The exercise consisted of supine pedalling at one or two successive loads from 350 to 600 kpm/min varying according to the predetermined effort tolerance of the patients. At the end of the exercise the catheter was withdrawn to the right ventricle and atrium and the pressures were recorded.
The brachial arterial (BA) catheter in addition to recording pressure was used to withdraw blood samples for determinations of acid-base balance and lactate and pyruvate concentrations. The samples for lactate and pyruvate determinations were immediately mixed with ice-cold 10% perchloric acid.
The oxygen content of the expired air was detennined with a Beckman C-2 oxygen-analyzer and the CO2 content with a Beckman LB-1 analyzer calibrated with a gas mixture of known CO2 content determined by gas chromatography. The 02 saturation of the blood was determined by Elema type C cuvette oximeter. The methodological error of the 02 content has been 0.2 vol% in our laboratory. The acid-base data were derived by micro-Astrup techniques. The lactate and pyruvate concentrations in the arterial blood were determined enzymatically (the Boehringer Lactate and Pyruvate Kit) in duplicate or triplicate using a Beckman DU spectrophotometer connected to a multiple sample absorbance recorder (Gilford Model 2000). The excess lactate was calculated according to Huckabee and Judson. 18 Since the changes in the patients' weights due to training were negligible, the hemodynamic variables measured were not related to body surface area. The cardiac output (CO in L/min) was calculated according to the Fick principle.
The following fonnulae were used in the calcula- 1,000 The respective ventricular stroke works in grammeters per beat were derived analogously. The tension-time index'9 was calculated from the brachial arterial pressure tracings. A ratio to depict left ventricular efficiency was obtained from left ventricular work multiplied by 103/tensiontime index. The maximal rate of rise of pressure in the right ventricle (dp/dt) in mm Hg per second was approximated by applying a tangent on the right ventricular pressure curve. The exercise factor of Harvey and associates20 was calculated from the data. Values over 600 and 700, respectively, were accepted as normals for the two exercise loads. 17 The significance of the difference of the means was calculated by Student's t-test.
Results
Clinical Observations
The training had no effect on vital capacity and forced expiratory volume which were normal before the training (table 1.) Likewise, small and not significant changes occurred in the fasting blood sugar, hematocrit, and serum lipids.
Four of the subjects (table 1) had heart volumes exceeding the upper normal limit of 530 mI/M2 of body surface area (BSA) 21 and in three of these a decrease followed the training, being most prominent (148 ml/ mi2) in patient 2 with the largest heart. The mean heart volume for the group after the training (525 + 70 ml/m2 of BSA, SD) did not differ significantly from the pretraining mean value (555 ± 98 mI/M2 of BSA).
During the weeks of training, the effort tolerance of all the subjects gradually increased. Before the training five of the patients were capable of two successive loads at catheterization although two of them had distinct cardiac pain during the second load. One subject had severe angina pectoris during the first load and was unable to pedal further. After the training all the five subjects pedalled the two successive loads without pain and the subject with pain before training at the first load was capable of doing it without pain after the training. CO (L/min) X PBA mean -PPCW mean (mm Hg) X 13.6
1,000
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Respiratory and Metabolic Response
The resting state was characterized by hyperventilation after training: carbon dioxide elimination (P<0.05), pH (P<0.05), and arterial lactate concentration (P < 0.02) being higher than before training (table 2). A 17% higher ventilation, although not statistically significant, was in accord with these changes.
At the first exercise load, both ventilation (P < 0.05) and oxygen uptake (P < 0.01) were lower in every subject after the training, but at the second load the changes were not significant. The arterial lactate concentration was reduced during the first load in four of five subjects producing a mean decrement of 16% and the excess lactate was reduced in all the four subjects on whom the determination was obtained, the mean decrement being 52%. These changes were not significant, however. During the second load the Tables 3 and 4 summarize the data. At rest the heart rate, stroke volume, and cardiac output remained virtually at the pretraining level. The same was true for the pressures except for the pulmonary capillary wedge pressure which increased by 33% (P<0.02). This rise was compensated by a 36% decrease in pulmonary vascular resistance allowing the pulmonary arterial pressure to remain at the pretraining level. The only significant change in the pressure-flow interrelationships at rest occurred in the maximal rate of rise of pressure in right ventricle which increased in every subject, the average increase being 115% (P < 0.001).
During exercise the heart rate was lower at both successive loads after training (P < 0.01, and <0.02) and the stroke volume was increased (P <0.05, and <0.05). The cardiac output was lower at the first load (P < 0.05) but not at the second. The slope of the curve of the ratio of cardiac output to 02 uptake was not altered ( fig. 2 ) and the lower cardiac output at the first load was evidently caused by an increase in the mechanical efficiency at a load at which the subjects had mostly been training. The exercise factors at the first load varied between 646 and 969 (mean, 817) before the training and from 686 to 1,026 (mean, 834) after the training (figs. 3A and B). The respective values at the second load were 523 to 798 (mean, 642) before, and 794 to 1,121 (mean, 959) after the training.
There was a trend to smaller 02 arteriovenous differences during the second load after the training ( fig. 4 ), although the mean change was not significant. The right ventricular end-diastolic pressure was slightly higher during exercise after the training. The same was true for the pulmonary capillary Abbreviations: PVRpulmonary vascular resistance; TPRtotal peripheral resistance; LVW = left ventricular work; LVSW = left ventricular stroke work; LVET = left ventricular ejection time; TTI = tension-time index; LVE = left ventricular efficiency; RVW = right ventricular work; RVSW = right ventricular stroke work; RV dp/dt = maximal rate of pressure rise in right ventricle. The tension-time index was less after the training at both exercise levels (P < 0.01 and <0.05). The left ventricular efficiency was, however, not significantly increased in spite of an increment of 26% at the second load. Right ventricular work and stroke work were increased at the first load (P < 0.02 and <0.05) but not at the second. The maximal 
Figure 2
Cardiac output in relation to oxygen consumption at rest and during exercise before and after training. PPCWmean, mmHg rate of rise in right ventricular pressure was increased in all the cases in which it was obtained, averaging +31%.
Discussion
The basic circulatory pattern was characteristic for coronary heart disease22 with the additional features evoked by cardiomegaly in some of the cases. Before training, three of the patients had elevated pulmonary capillary wedge pressures at rest (> 12 mm Hg) and five of them on exertion without any clinical signs of heart failure. The normal exercise factors on the first load and the near normal on the second load, combined with normal 02 arteriovenous differences, are further evidence of competent circulation. The elevated pulmonary capillary wedge pressures are interpreted as being related to noncompliant left ventricles due to fibrosis and scarring inherent in coronary arterial disease. The training increased these pressures at rest without any increment in the radiologically determined heart volume. Myocardial hypertrophy superimposed on the already noncompliant left ventricle seems a plausible explanation.
Even if the hearts of these patients were not failing, it is evident from figure 5A that there was abnormal left ventricular function in four of the patients, that is, left ventricular stroke work was accomplished with an abnormally large filling pressure increment. 23 A change to a more normal pattern occurred during the convalescent period with the added training ( fig. 5B ). In accordance with the pattern at rest, myocardial hypertrophy would account for the change although an enhanced catecholamine background cannot be excluded. This, however, in the face of reduced exercise heart rates after the training, is most unlikely. 24 We think that cardiac hypertrophy The relation between arteriovenous oxygen difference and oxygen consumption before and after training. would also explain the increased rate of rise in right ventricular pressure. The heart rate at rest was unmodified by the training period possibly because of the apprehension and hyperventilation at rest during the second catheterization. On the other hand, one of the most clear-cut changes was a reduction of the heart rate during exercise after the training. The possibility that some of the features produced by rest in bed25 were still operative at the beginning of the training is unlikely after at least 1 month of full activity before the study, and, in any event, might have influenced only the magnitude of this response but not its direction. We admit that the absence of paired controls is a weakness in our conclusions. The reduced heart rate-increased stroke volume pattern is the classical training response,2630 and it is evidently also obtainable in patients with coronary heart disease. Although the increased stroke volume in series of normals bears an apparent relation to the heart volume increment,29' 31 the present data suggest that in coronary patients the increased stroke output can be due to cardiac hypertrophy without a change in volume.
In contrast to the only study available for comparison15 the reduced lactate and excess lactate concentrations after training were not associated with increased 02 arteriovenous differences. Although lactate and excess lactate values are commonly employed to reflect the degree of anerobic metabolism,18 32 demonstration of a time-dependent lactate removal by the liver during exercise33 casts doubt on the value of a single determination during exercise. Since there is no evidence from normal series of an increase in muscle blood flow after a training period34 or of a difference in muscle blood flow between trained and untrained individuals at rest or during exercise,35 the reduced lactate concentrations might be due to a more effective splanchnic removal of lactate after the training, as well as to a lesser degree of anaerobic metabolism.
Even though the increase in pulmonary arterial pressure on exercise after training was not statistically significant (table 3) , it accounts for the significantly increased right ventricular work during exertion at the first load. Whether this pressure response is based on backward pressure from the left ventricle or is due to changes in the pulmonary vessels cannot be decided on the basis of the present data which showed a small increase in both pulmonary capillary wedge pressure and pulmonary vascular resistance at that load after training. To us, the fact, that three of the patients exhibited mean pulmonary capillary wedge pressures of more than 25 mm Hg during exercise without developing pulmonary edema favors the thesis of structural alterations in the pulmonary vessels. It seems possible that training enhances this process by repetitive pressure elevations originating from the noncompliant left ventricle.
Since the training of coronary patients is aimed at improving the ratio of 02 supply to demand of the heart, the relative bradycardia during exercise resulting in significantly reduced tension-time indices is encouraging. Moreover, this oxygen-saving effect was not opposed by the usual increase in the heart volume which increases the myocardial 02 consumption. 36 While this applies to the left ventricle, the oxygen demand of the right ventricle is evidently increased parallel to the increment in right ventricular work caused by the increase in pulmonary arterial pressure during exercise. This disadvantage is, however, opposed by the usually more intact right ventricular blood supply in coronary arterial disease.
On the basis of the present results showing higher pain thresholds, better left ventricular function, and lower tension-time indices after training, we are inclined to recommend physical activity to coronary patients. While the practical benefit apparently is a more painfree existence, the ultimate outcome of the disease might not be altered. The fact that one patient developed ventricular tachycardia during exercise points out that a vigorous training program is justified only under close medical supervision. As illustrated by one patient with poor exercise tolerance, training cannot be accomplished in every case and a selection should be made to exclude patients with very low thresholds for pain.
